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Translocation of p53 to
Mitochondria Is Regulated
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Participates in Cell Death Control1
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Abstract
p53, can regulate cell apoptosis in both transcription-dependent and -independent manners. The transcription-
independent pathway was demonstrated by the translocation of p53 to mitochondria. Our study showed that p53
mitochondrial translocation was found in mitomycin C (MMC)–treated HepG2. The p53 C-terminal domain is clus-
tered with potential nuclear leading sequences and showed strong electrostatic ion-ion interactions with cardiolipin,
phosphatidylglycerol and phosphatidic acid in vitro. Disruption of cardiolipin biosynthesis by phosphatidylglycero-
phosphate synthase (PGS) or CDP-diacylglycerol synthase 2 (CDS-2) short hairpin RNA (shRNA) transfection elimi-
nated the MMC-induced translocation of mitochondrial p53. The elimination of mitochondrial p53 translocation also
reduced Bcl-xL and Bcl-2 mitochondrial distribution. In HEK 293T models with saturated p53 expression, the mito-
chondrial partition of p53, Bcl-xL, and Bcl-2 obviously decreased in their PGS shRNA- or CDS-2 shRNA-expressing
stable clones. In p53-null H1299 models, both the mitochondrial partitions of Bcl-xL and Bcl-2 were strongly reduced
in relation to the HEK 293T models. The Bcl-xL mitochondrial partition was elevated in H1299 models expressing
pCEP4-p53wt suggesting the direct carrier role of p53 in transporting Bcl-xL to the mitochondria. We also found
that the cytosolic pool of Bcl-xL and Bcl-2 remained unaffected in the low-dose MMC treatment but decreased in
the high-doseMMCtreatment. Thecytosolic pool ofBcl-2 andBcl-xL directly regulated their amounts in p53-dependent
mitochondrial distribution. In the low-dose MMC treatment, the increased mitochondrial p53, Bcl-xL, and Bcl-2 could
attenuate apoptosis. However, in the high-dose MMC treatment, only the p53 translocated to the mitochondria and
resulted in apoptosis progression.On the basis of this study,we thoughtmitochondrial p53might regulate apoptosis in
a biphasic manner.
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Introduction
p53 was the first tumor suppressor gene identified in 1979. The p53
protein consists of 393 amino acids, and its structure is subdivided into
anN-terminal transactivation domain, a central DNA-binding domain,
and a C-terminal domain [1–3]. Once activated, p53 is phosphorylated
and it escapes fromubiquitin degradation. Activated p53 showsmultiple
functions including cell cycle regulation [2], DNA repair, and apoptosis
[4–7]. p53-Associated apoptotic regulation can be achieved in a tran-
scription-dependent or -independent manner. p53-Dependent tran-
scription of mitochondria-anchored proapoptotic products [5,6] and
p53-inducible genes [4,7] disrupts mitochondrial integrity and causes
cytochrome c release. The transcription-independent apoptotic signal
is induced by p53 protein-protein interactions in the mitochondria



Neoplasia Vol. 12, No. 2, 2010 p53 Binding with Anionic Phospholipids Li et al. 151
[8,9]. Candidate proteins interacting with p53 in themitochondria were
identified one by one [10–14]. However, the mechanism by which p53
is translocated to mitochondria is still unknown.
Cardiolipin (1,3-bis (19,29-diacyl-39-phosphoryl-sn-glycerol)-sn-

glycerol) is amitochondria-restricted, anionic, asymmetric phospholipid.
Cardiolipin is the major component of mitochondria phospholipids
(comprising approximately 8%-15%) of both the outer and the inner
membranes [15,16]. Cardiolipin biosynthesis is regulated by the CDP-
diacylglycerol synthase (CDS) that converts phosphatidic acid to CDP-
diacylglycerol. Phosphatidylglycerophosphate synthase (PGS, EC
2.7.8.5) catalyzes the formation of phosphatidylglycerophosphate
from CDP-diacylglycerol and glycerol-3-phosphate. Phosphatidylgly-
cerophosphate is then dephosphorylated to phosphatidylglycerol
by phosphatidylglycerophosphate phosphatase. Then, cardiolipin
synthase (CLS) converts phosphatidylglycerol to cardiolipin through
condensation with CDP-diacylglycerol [15–17]. Human CLS was
identified and cloned in 2006 [18]. The functional mutation of PGS
and CLS was demonstrated to cause cardiolipin depletion. Cardiolipin-
depleted cells often show electron transport inhibition [19], changes in
ion permeability and membrane integrity [19], a decrease in protein
importation [20], and collapse of mitochondria membrane potential
[20,21]. These findings suggest the crucial physiological and pathologi-
cal position of cardiolipin in the mitochondria.
In the present study, the mitochondrial translocation of p53 was in-

vestigated inmitomycin C (MMC)–treated cells.We found that cardio-
lipin tightly bound to the C-terminal region of p53 protein in vitro.
Down-regulation of PGS and CDS protein expressions diminished
the content of p53 translocation to the mitochondria, suggesting that
a specific p53-cardiolipin interaction is an important step in triggering
its mitochondrial distribution.Moreover, the p53 protein was also dem-
onstrated to interact with Bcl-xL [10,11], and the p53–Bcl-xL protein
interaction might lead to Bcl-xL mitochondrial translocation and cell
death regulation.

Materials and Methods

Cell Culture
The hepatocarcinoma cell line HepG2, the adenocarcinoma cell line

A549, the HEK 293T cells with endogenous wild-type p53, and the
p53-null H1299 cells were purchased from American Type Culture
Collection (ATCC; Manassas, VA). All cell lines were maintained in
Dulbecco’s modified Eagle medium with 10% heat-inactivated fetal
bovine serum in a humidified atmosphere of 5% CO2 in a 37°C incu-
bator. The CDP-diacylglycerol synthase 2 (CDS-2) short hairpin RNA
(shRNA)- and PGS shRNA-expressing stable clones were selected from
transfected HEK 293T and H1299 cells, respectively, by the addition
of 1 μg/ml puromycin.

Transfection
Transfection was performed by using PolyJet in vitro DNA transfec-

tion reagent (SignaGen Laboratory,Gaithersburg,MD) at 24 hours after
seeding. CDP-diacylglycerol synthase-2 (CDS-2, TRCN0000035859)
and PGS (TRCN0000045342) shRNA pLKO.1-puro constructs were
purchased from the National RNAi Core Facility (Academia Sinica,
Taipei, Taiwan). The pCEP4 vector and pCEP4-p53wt were kindly
provided by Dr. Tzeng SL (Chung Shan Medical University). Briefly,
1 to 5 μg of shRNA or plasmid and PolyJet reagent were respectively
diluted within an incomplete Dulbecco’s modified Eagle medium,
then mixed vigorously and incubated at room temperature. Twenty min-
utes later, themixture was layered on serum-free culturemedium.Cells
were transfected for at least 6 hours.

Isolation and Purification of Mitochondria
Treated cells were incubated in hypotonic buffer for 10 minutes, fol-

lowed by a homogenizing procedure for 10 seconds, five to six times.
The cell debris was separated by the first centrifugation at 1200g for
10 minutes. The supernatant was transferred to tubes, and the heavy
membrane pellet enriched in the mitochondria was isolated by the
second centrifugation at 10,000g for 10 minutes. The mitochondria-
enriched fraction was layered on a discontinuous sucrose gradient
(1.0 M and 1.5 M sucrose prepared in 5 mM EDTA, 10 mM Tris-
HCl, pH 7.4). Finally, mitochondria were purified from the 1.0/1.5 M
interface after a third centrifugation.

Alkali Extraction
For alkali extraction [22], pure mitochondria were incubated with

100 mM Na2CO3 (pH 11.5) for 10 minutes on ice. The pellet sepa-
rated by centrifugation at 12,000g was used as the integral membrane
fraction. The supernatant was denoted the soluble fraction.

Western Blot Analysis
Intact cell lysates and mitochondria lysates were prepared using RIPA

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EGTA,
1 mMNaF, 1 mMNa3VO4, and proteinase inhibitor cocktail) contain-
ing 1% Nonidet P-40 or 1% dodecymaltoside, respectively. Protein
concentration was determined by the Bradford method (Bio-Rad,
CA). Adequate lysates were mixed well with sodium dodecylsulfate–
polyacrylamide gel electrophoresis loading buffer and separated by
10% or 12% sodium dodecylsulfate–polyacrylamide gel electrophore-
sis. The separated proteins were electroblotted onto the polyvinylidene
difluoride (PVDF) sheets. For immunodetection, the PVDF mem-
brane was blocked in nonfat milk and incubated in Tris-buffered saline
with Tween-20 with antibodies specific to p53 (05-224; Upstate Biotech,
Lake Placid, NY), Mdm-2 (clone SMP14; NeoMarker, Fremont, CA),
proliferating cell nuclear antigen (clone PC10; NeoMarker), Bax (clone
2D2; NeoMarker), Core II (A11143; Molecular Probes, Carlsbad, CA),
PGS (H00009489; Abnova, Taipei, Taiwan), CDS-2 (H00008760;
Abnova), Bcl-2 (sc-509; Santa Cruz Biotechnology, Santa Cruz, CA),
Bcl-xL (clone 2H12; eBiosciences, San Diego, CA), and β-actin (Sigma,
Saint Louis, MO). For chemiluminescent detection, PVDF blots were
incubated with horseradish peroxidase–conjugated secondary antibody
(1:5000 in Tris-buffered saline with Tween-20) for 2 hours at room
temperature, followed by enhanced chemiluminescence detection, ac-
cording to the manufacturer’s protocol (Millipore, Billerica, MA).

Confocal Microscopy
For immunofluorescent studies, cells were seeded on cover glasses.

Treated cells were fixed and permeablized with ice-cold MeOH. The
first antibodies’ reactions specific to p53 (sc-6243; Santa Cruz Bio-
technology), Histone H1 (sc-8030; Santa Cruz Biotechnology), cyto-
chrome c oxidase subunit I (Cox I, A-6403; Molecular Probes) were
performed overnight at 4°C (1: 200 dilution in phosphate-buffered
saline with Tween). Conjugation of the secondary antibodies with fluo-
rescein isothiocyanate or tetramethyl rhodamine isothiocyanate reac-
tion (Santa Cruz Biotechnology) was performed at 25°C for 2 hours.
Cells were observed under a Leica confocal laser microscope (Leica
Microsystems, Wetzler, Germany) with excitation and emission at
488 and 543 nm, respectively.
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Recombinant Fusion Protein Expression
pGEX-1 plasmids encoded with the sequences of full-length human

p53, or p53 deletions or mutants, were transformed into Escherichia coli
BL21 using calcium chloride. Recombinant fusion protein expression
was performed by 0.25 mM isopropyl β-D-1-thiogalactopyranoside in-
duction for 3 hours at 30°C [23]. Cells were lysed by sonication
in phosphate-buffered saline (PBS) containing 1 mM dithiothreitol,
1 mM phenylmethylsulphonyl fluoride, 0.2 mM EDTA. After centri-
fugation, the glutathione S-transferase fusion protein in the supernatant
was bound with 50% (vol./vol.) glutathione-agarose beads. The fusion
protein was eluted by 50 mM Tris buffer (pH 7.5) with 50 mM re-
duced glutathione.

Lipid-Binding Assay
The interaction of recombinant p53 fusion protein and phospholipids

was evaluated in vitro [22]. Fifty microliters per well of phospholipids
(100 μg/ml dissolved in EtOH) was coated onto 96-well plates by
evaporation at room temperature. The coated plates were tested within
24 hours. Target proteins diluted in phosphate-buffered saline with
Tween (1-10 μg/ml) were incubated within microwells at 25°C for
2 hours. The specific protein-lipid interaction was detected by immuno-
colorimetric optical density of 3,3′,5,5′-tetramethylbenzidine at
450 nm.

Apoptotic Index Analysis
Cells seeded in six-well plates were treated as indicated. To identify and

quantify DNA content, cells were trypsinized, fixed overnight in 70%
ethanol, and then resuspended in PBS containing RNase A (10 μg/ml)
and propidium iodide (25 μg/ml). Apoptotic cells with the sub-G1 peak
localized below the G0/G1 peak were identified by flow cytometry with
FL2 filter [24].

Statistical Analysis
All data were expressed as mean ± SEM from at least three inde-

pendent experiments. Statistical analysis was carried out by analysis of
variance (SPSS 12.0, Sinter Information Group, Taipei, Taiwan), and
P < .05 was considered significantly different.
Results

The Activated p53 Protein Was Found in Both Nuclear and
Mitochondrial Fractions

The DNA damage agent MMC can induce endogenous p53 protein
accumulation in both dose- and time-dependent manners in HepG2
cells. Interestingly, the activated p53 protein was also found in the
purified mitochondria fraction (Figure 1, A and B). The mitochondrial
marker, Core II, and the nuclear protein, proliferating cell nuclear an-
tigen, were used for quality control of mitochondria fractionation
(Figure 1A). MMC (5-10 μg/ml) treatment for 6 hours caused six- to
eight-fold increases in mitochondrial p53 translocation (Figure 1A).
In the time-dependent studies, 5 μg/ml MMC incubation for 3, 6,
and 12 hours caused 4.8-, 6.7-, and 12.7-fold increases inmitochondrial
p53 translocation (Figure 1B). The translocation of p53 protein tomito-
chondria was also observed by immunofluorescent staining. In intact
A549 cells, the colocalization of p53 with nuclear histone H1 or mito-
chondria Cox I is shown in merged images (Figure 1C). Mitochondrial
p53 translocation was also observed in p53-overexpressing H1299 cells
(data not shown).
Mitochondrial p53 Was Displayed in Both the
Membrane-Bound Form and Free Soluble Form

Unlike the membrane-integral Cox I protein, the mitochondrial p53
could be fully extracted by 100 mM alkali Na2CO3 (pH 11.5), suggest-
ing thatmitochondrial p53 retained its soluble characteristic (Figure 2A).
However, in 1% dodecymaltoside detergent extraction, mitochondrial
p53 was more resistant than the Cox I protein and was detected in both
the soluble supernatant fraction (soluble form p53) and the insoluble
pellet fraction (membrane-bound p53; Figure 2B).

Interaction of p53 with Cardiolipin through Its
C-terminal Domain

Thep53 protein-phospholipid interactionwas evaluated by an in vitro
lipid-binding assay [22]. The recombinant p53-GST fusion protein
showed high lipid-binding properties with phosphatidylserine, phos-
phatidylglycerol, cardiolipin, and phosphatidic acid but showed lower
lipid-binding properties to phosphatidylcholine, phosphatidylethanol-
amine, phosphatidylinositol, cholesterol, and sphingomyelin (Fig-
ure 2C ). Both phosphatidic acid and phosphatidylglycerol were
anionic and were precursors in cardiolipin biosynthesis [15–17]. The
specific protein-lipid interactions were not found for GST protein itself
(Figure 2D).

Subsequently, the cardiolipin-binding activities of recombinantmutant
p53 protein (R175H), the N-terminal transactivation domain (p53-
1∼100), the DNA binding domain (p53-1∼318 and p53-100∼318)
and the C-terminal domain (p53-319∼393) were tested. The p53
C-terminal domain and R175H mutant showed strong cardiolipin-
binding activities. The p53 fragments containing 100 to 318 poly-
peptides showed mild cardiolipin-binding activity. However, the
N-terminal domain was irrelevant to p53-cardiolipin interaction
(Figure 2D).

To determine if cardiolipin and cardiolipin precursors function as a
carrier that transports p53 to the mitochondria, two key enzymes, PGS
and CDS, that are implicated in cardiolipin biosynthesis were studied.
Two CDS isoforms were identified in humans. CDS-1 is expressed in
the retina and is implicated in phototransduction. CDS-2 has a wide-
spread tissue distribution [25]. Therefore, CDS-2 was selected for fur-
ther studies.

Down-regulation of PGS Expression Decreased Cellular p53
Translocation to the Mitochondria

The efficacy of PGS shRNA constructs was screened by dose-
dependent transient transfection. The PGS shRNA construct (5 μg
of plasmids/6-cm transfection) caused 90% suppression of PGS protein
expression (Figure 3A) and decreased in cellular cardiolipin level
(Figure W1). In the whole lysate analysis, MMC induced p53 and
PGS expression in nontransfected control, vector control, and PGS
shRNA-transfected HepG2 cells (HepG2-PGS shRNA). MMC-
induced PGS expression might overwhelm the RNA interfering effect
of the shRNA construct. Contents of the p53 translocation to the mito-
chondrial fraction showed no significant differences among nontrans-
fected control, vector control, and HepG2-PGS shRNA (Figure 3B).

To resolve the RNA interfering problem, the p53 transactivation in-
hibitor, pifithrin-α (20 μM), was used for pretreatment and coincuba-
tion withMMC. Pifithrin-α inhibited transactivation of p53-responsive
gene expression, including Mdm-2 and PGS, but was irrelevant to p53
accumulation in whole lysate (Figure 3C) and p53 mitochondrial trans-
location (Figure 3D). Therefore, in the very condition, pifithrin-α pre-
treatment is necessary to work against the PGS expression induced



Figure 1. Activated p53 proteinwas found in both nuclear andmitochondrial fractions.Western blots showed thatMMC treatments induced
p53 accumulation in HepG2whole-cell lysate andmitochondrial lysate in both dose-dependent (A) and time-dependentmanners (B). In dose-
dependent studies, 5 and 10 μg/ml MMC was treated for 6 hours. In the time-dependent studies, 5 μg/ml MMC was treated for 3, 6, and
12 hours. The core II protein was used as a mitochondrial internal control. The nuclear PCNA protein was used to identify the fractionation
quality. The contents of mitochondrial p53 translocation were analyzed by densitometry. *P < .05, **P < .01, and ***P < .001, indicate
statistical significance. (C) Immunofluorescent images showed the endogenous p53 was colocalized with nuclear histone H1 (left panel)
and mitochondrial Cox I (right panel) in intact A549 cells.
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by MMC treatment and make sure the successful knockdown of
PGS protein. In Figure 3E , the p53 mitochondrial translocation re-
duced in the MMC-treated HepG2-PGS shRNA cell with pifithrin-α
pretreatment, but the reduction would not take place without the
pifithrin-α pretreatment. Therefore, we concluded that the decrease
in mitochondrial p53 resulted directly from PGS protein knockdown
rather than pifithrin-α.

Down-regulation of CDS-2 Expression Decreased Cellular
p53 Translocation to the Mitochondria
Dose-dependent transient transfection studies showed that theCDS-2

shRNA construct (5 μg of plasmids/6-cm transfection) caused 80%
suppression of CDS-2 protein expression (Figure 4A) and decreased cel-
lular cardiolipin level (Figure W1). In the whole lysate analysis, MMC
induced p53 accumulation in nontransfected control, vector control, and
HepG2–CDS-2 shRNA cells. The content of p53 translocated to the
mitochondria decreased in HepG2–CDS-2 shRNA cells (Figure 4B).
These results showed that disruption of cardiolipin biosynthesis dimin-
ished the content of mitochondrial p53 translocation, suggesting the
critical role of cardiolipin in p53 translocation to the mitochondria.

Decreased Mitochondrial p53 Content Enhanced
MMC-Induced Cell Death

The effects ofmitochondrial p53 content on cell death were evaluated
by the sub-G1 DNA formation. BeforeMMC treatment, the cell viabil-
ities (Figure 5A) and resting caspase 3 activities (data not shown) were
without significant changes among HepG2–wild-type, HepG2-PGS
shRNA, andHepG2-CDS shRNA cells.MMC (5-20 μg/ml) treatment
increased the sub-G1 DNA population in a dose-dependent manner.
MMC-induced apoptotic index remained unaffected by pifithrin-α
























